Introduction
Human mesenchymal stem cells (MSCs) have gained widespread use as a cell source for tissue engineering applications due to their clinical relevance and multipotency. [1] As our understanding of the native cell microenvironment expands, www.advancedsciencenews.com www.advhealthmat.de are needed. Full-length NCad has been successfully incorporated into hydrogels, such as the surface functionalization of polyacrylamide and alginate hydrogels; [15] however, the sheer size of NCad (135 kDa) presents challenges when considering incorporation throughout a 3D hydrogel. Within the structure of NCad, a conserved three-amino acid sequence, His-Ala-Val (HAV), exists on the adhesive interface, and synthetic peptides containing this sequence along with a flanking aspartic acid residue are known to exhibit NCad-like binding activity. [16] The incorporation of HAV into an HA hydrogel did indeed promote early chondrogenic gene expression and subsequent matrix production of MSCs in culture and when implanted in vivo. [17] Furthermore, incorporation of this peptide into hydrogels resulted in increased β-catenin recruitment to the membrane and subsequent translocation to the nucleus, as is observed with NCad signaling. [18] Despite these findings, the dose and timing of the HAV motif presentation, two critical aspects of this essential cell-cell interaction and downstream signaling, have not been explored. In the developing limb, NCad signaling varies greatly over space and time, with a biphasic response to the number of NCad interactions either increasing or reducing collagen and proteoglycan synthesis. [12] In the mesenchyme, cell-surface metalloprotease ADAM10 temporally regulates NCad interactions during development by cleaving the extracellular domain of NCad, thereby exerting control over the β-catenin membrane-bound and cytoplasmic pool levels. [11, 19, 20] Mutants of NCad that lack the extracellular domain exhibit altered localization of β-catenin and expression of chondrogenic markers. [21] Meanwhile, mutants of NCad whose extracellular domains cannot be cleaved by ADAM10 prevented cartilage aggregate formation, proteoglycan synthesis, and expression of both chondrogenic and hypertrophic markers, likely due to alterations in β-catenin localization and, importantly, chondrogenic gene expression. [20, 21] With this in mind, we functionalized HA hydrogels with peptides containing the HAV motif at different concentrations to control the dose, and with an efficient ADAM10-cleavable domain to control the timing, to investigate how these parameters regulate chondrogenesis and neocartilage production of MSCs in HA hydrogels.
Results and Discussion
Cell-cell contact among progenitor cells in the limb bud during condensation is widely understood to require homotypic binding of NCad, a cell-surface adhesion protein that binds the transcription factor β-catenin with its cytosolic domain, regulating localization of this transcription factor for proper signaling downstream of NCad binding. [11] [12] [13] Cell-cell interactions and subsequent downstream signaling via NCad are well established as critical features of chondrogenesis and development, but nuanced control of NCad signaling is desirable for the design of inductive materials for cartilage tissue engineering. Prior work has established that tethered NCad mimetic HAV peptides in HA hydrogels exhibit NCad agonistic activity due to one end being conjugated to the HA backbone, resulting in the expected nuclear β-catenin localization in MSCs when encapsulated within this material. [17, 18] Furthermore, blocking studies using antibody treatment confirmed that the observed enhancement of chondrogenic gene expression in this system was indeed due to NCad interactions with these peptides. [17] Here, we drew inspiration from two key features of our understanding of development: (i) variations in the amount of NCad present in the limb bud mesenchyme [12] and (ii) the possibility of regulating NCad interactions over time by the cell-surface metalloprotease ADAM10. [11, 19, 20] To mimic both the dose and timing of NCad signals in hydrogels, we designed photo-crosslinkable macromers that allowed us to titrate in varying amounts of tethered stable or transient NCad signal into hydrogels via HAV peptide presentation while keeping the hydrogel properties constant.
Cadherin Mimetic Peptides Enhance Early Chondrogenesis in a Dose-Dependent Manner
HA was modified with methacrylate groups (MeHA) on ≈37% of disaccharide repeat units to generate a photo-crosslinkable macromer that could also be modified with peptides using a Michael addition reaction between the methacrylates and thiols (via cysteine residues) on the peptides ( Figure S1 , Supporting Information). Specifically, peptides containing either the HAV motif of NCad or a nonactive scrambled sequence ( Figure 1a) were incorporated into hydrogels at various ratios at a total concentration of 2 × 10 −3 m. The incorporation of peptides at 2 × 10 −3 m did not significantly alter either the mass swelling behavior (Figure 1b ) or compressive modulus (Figure 1c ) of hydrogels as compared to unmodified hydrogel controls, confirming that cellular outcomes are not related to changes in network structure or mechanical properties. Additionally, MSCs used in these studies were verified to express cell-surface NCad ( Figure S3 , Supporting Information) and were encapsulated in HA hydrogels that were either unmodified or modified with various peptide compositions. MSC viability was high in all hydrogel formulations for up to 14 d of culture, the time period used to assess gene expression (>90%; Figure S4 , Supporting Information). There were no macroscopic changes in construct size or opacity during this 14 d period ( Figure S5 , Supporting Information).
To control the HAV dose in MSC-laden hydrogels, three different ratios of HAV and scrambled peptide were incorporated onto the HA macromer for a final hydrogel concentration of 2 × 10 −3 m: 100% scramble (HAV 0), 50%:50% HAV/ scramble (HAV 50), and 100% HAV (HAV100) (Figure 2a) . After 3 d in culture, a dose-dependent type II collagen gene expression response was observed, with the HAV-free (HAV 0) condition similar to hydrogels without peptide (Figure 2b ). The dose-dependent increases in gene expression persisted for up to 7 d; however, there were no significant differences between groups at 14 d. Aggrecan gene expression was greatest for the highest HAV concentration at 3 d; however, these differences diminished by 7 and 14 d, although there were some modest improvements over the hydrogels without peptides (Figure 2c) . No significant changes in type I collagen expression were observed over the course of the study ( Figure S6 , Supporting Information). This is consistent with our previous observations on HAV peptide modification, where early markers of gene www.advancedsciencenews.com www.advhealthmat.de expression toward chondrogenesis were altered by HAV incorporation and that these early changes resulted in long-term differences in matrix production. [17] These trends also agree with what is known about cadherin regulation in development: NCad expression increases at the onset of condensation and then diminishes with cartilage maturation as cell-cell contacts are lost; thus, although the HAV peptide presentation is stable, its effects are most prominent at earlier times. [12, 17, 22] 
Cadherin Mimetic Peptides Enhance Long-Term Neocartilage Formation in a Dose-Dependent Manner
To evaluate the effects of the HAV peptides on long-term cartilage formation, we cultured MSC-laden constructs prepared with different ratios of macromers functionalized with the HAV and scrambled peptides for 56 d. Quantification of matrix components present in cartilage showed a concentration-dependent increase in sulfated glycosaminoglycan (sGAG) and collagen (Figure 3a) . HAV-free (HAV 0) and no peptide control (MeHA) groups had similar sGAG and collagen levels, whereas matrix deposition increased up to twofold in sGAG and ninefold in collagen content for the 2 × 10 −3 m HAV group after 56 d of culture when compared to these controls. Unconfined mechanical testing also showed that the inclusion of HAV increased the compressive elastic modulus of the constructs when compared to the no HAV peptide and no peptide hydrogels, which exhibited a similar modulus (≈13 kPa) ( Figure 3b ). When compared to the initial hydrogel modulus ( Figure 1C ), there was an increase in elastic compressive modulus in all formulations after 56 d; however, the increase (≈340%) was greatest for the highest HAV concentration when compared to MeHA gels ( Figure 3b ). Quantification of staining for sGAG and type II collagen showed a dependence on HAV concentration (Figure 3c ). In addition to differences between the HAV-free (HAV 0) and low HAV (HAV 50) groups, the presence of HAV peptide (HAV 50, HAV 100) increased the staining intensity compared to the MeHA control without peptide for both markers, with significantly greater values for the highest HAV group. Representative images of immunohistochemistry staining for sGAG and type II collagen revealed more intense and uniformly distributed staining with greater doses of HAV, suggesting more cartilage matrix elaboration in these constructs compared to scrambled and no peptide controls (Figure 3d ). Quantification of type I collagen sections showed low levels and no significant differences in staining intensity between groups investigated ( Figure  3c,d) . Thus, the changes in early gene expression appear to influence matrix production over the long term at the various HAV concentrations investigated. The homogeneity of sGAG and collagen distribution also appears to be different in MeHA and peptide-modified hydrogels, and this may be due in part to the inherent heterogeneity in the MSC population and differences in ECM synthesis and deposition.
Notably, while too much cell-cell adhesion by overexpression of NCad can result in failure to differentiate (a twofold increase in NCad enhances chondrogenesis, while a fourfold increase inhibits chondrogenesis), [23] the doses used in this study stimulated the greatest chondrogenesis at the highest concentration. With the peptides designed for this study and the hydrogel used, solubility limited the investigation of higher concentrations where perhaps inhibited chondrogenesis would be observed. Also, the presentation of the peptide or its accessibility may be inherently altered as the cells lay Figure 1. Fabrication of HA hydrogels that incorporate peptides that mimic cell-cell interactions. a) Schematic of MSC encapsulation in HA hydrogels from macromers modified with methacrylates for crosslinking and a peptide that contains the HAV motif to enable interaction with NCad or a respective scrambled control (Scr). b) Mass swelling ratio and c) elastic compressive modulus (E) of MeHA hydrogels without (gray) or with (red) HAV peptide incorporated at 2 × 10 −3 m (n ≥ 3 hydrogels per group, error bars represent s.e.m.); n.s. denotes no significant differences between groups.
www.advancedsciencenews.com www.advhealthmat.de down their own matrix throughout the hydrogel, serving to self-regulate HAV levels. The dose dependence in the range probed here, while it does not demonstrate this biphasic response, agrees with this well-known dose dependence of native NCad-mediated cell-cell interactions in embryogenesis. [11] Importantly, the mean increases in type II collagen and sGAG synthesis in constructs with the HAV peptide being ninefold and twofold, respectively, with collagen content beginning to overtake sGAG content, are favorable in light of the fact that the composition of native articular cartilagewhere there is more type II collagen than sGAGs-mediates final tissue properties; here, the increases in type II collagen and sGAG content led to an almost threefold enhancement of the hydrogel modulus. [24] 
Transient Presentation of NCad Mimetic Peptide Alters the Influence on MSC Chondrogenesis
To assess how the transient presentation of the NCad mimetic HAV motif affects early chondrogenesis of MSCs, MeHA macromers were functionalized with HAV or scrambled peptides containing an additional ADAM10-cleavable domain. Presentation of this transient peptide relies on endogenous ADAM10 on MSCs to cleave the peptides and thus reduce presentation in a time-dependent fashion (Figure 4a) . The MSCs used were verified to express cell-surface ADAM10 ( Figure S3 , Supporting Information). To validate the peptide design, acellular hydrogels functionalized with a fluorescein isothiocyanate (FITC) tagged form of this cleavable peptide were incubated in phosphate buffered saline (PBS) in the presence or absence of exogenous ADAM10. Peptide cleavage was measured as FITC signal in the supernatant and observed over 9 d with ADAM10 present, with minimal cleavage without exogenous ADAM10 present ( Figure 4b ). To ensure that the larger peptides did not change the properties of the hydrogels formed, we verified that the incorporation of these peptides did not significantly alter their modulus (Figure 4c ) or mass swelling ratio (Figure 4d ). Again, cell viability was high in these hydrogels over a 14 d culture period (>90%; Figure S7 , Supporting Information) and macroscopic differences in construct size and opacity were not observed ( Figure S5 , Supporting Information).
To control the dose of transient HAV (tHAV), three different ratios of tHAV and transient scrambled peptide were incorporated into MeHA macromers: 100% transient scramble (tHAV 0), 50%:50% transient HAV/transient scramble (tHAV 50), and 100% transient HAV (tHAV 100) (Figure 5a) . In contrast to our observations in the stable (nontransient) groups, after 3 d in culture there were no significant differences in expression of chondrogenic gene markers type II collagen ( Figure 5b ) and aggrecan (Figure 5c ). There was a significant increase in the expression of type II collagen and aggrecan in all peptide-containing groups by 7 d, and subsequently no temporal differences in expression between 7 and 14 d. As also observed with the stable HAV peptides, no significant changes in type I collagen expression were observed in these groups for the duration of the study ( Figure S8 , Supporting Information). These observations are consistent with the understanding that, in development, premature or induced shedding of N-Cadherin (N-Cad)-mediated interactions results in impaired chondrogenesis. [22] To verify that the length of the peptide sequence did not influence these findings, MeHA was functionalized with a peptide of the same length as the transient peptide that contained the HAV motif but now incorporating a scrambled cleavage domain (length-matched HAV that is not ADAM10-cleavable or LHAV) ( Figure S9 , Supporting Information). When MSCs were encapsulated in this hydrogel, we observed increases in early type II collagen and aggrecan gene expression, and subsequent sGAG and collagen deposition, similar to the earlier stable HAV studies ( Figures S9 and S10 , Supporting Information). Thus, it appears that the ADAM10 cleavage of the designed peptide occurs rapidly and fails to influence chondrogenesis in the hydrogels, confirming that the duration of peptide presentation is important. A control without peptide (MeHA) was also investigated. Gene expression for b) type II collagen (COL2) and c) aggrecan (ACAN) assessed over a 14 d culture period in chondrogenic media (n = 4, error bars represent s.e.m.). *P < 0.05 between groups, # P < 0.05 compared to no peptide (MeHA) control; n.s. denotes no significant differences between groups.
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To further explore the role that HAV timing plays in MSC chondrogenesis, constructs were treated with the smallmolecule ADAM10 inhibitor GI254023X to further stabilize the presentation of HAV to encapsulated MSCs, as well as cellsurface NCad (Figure 6a) . Gene expression at an early culture time of 3 d was used since changes in chondrogenesis were clearly different with the presence of the stable HAV peptide in this time frame. With respect to type II collagen expression (Figure 6b ), the addition of the ADAM10 inhibitor did not alter expression in hydrogels without peptide (MeHA) or those with the incorporation of 2 × 10 −3 m of the stable HAV peptide (HAV 100); however, there was elevated expression of type II collagen in the transient HAV group (tHAV 100), indicating that expression was rescued when peptide cleavage was blocked. With respect to aggrecan expression (Figure 6c ), the addition of the ADAM10 inhibitor resulted in decreased aggrecan expression in hydrogels without peptide (MeHA) or those with the incorporation of 2 × 10 −3 m of the stable HAV peptide (HAV 100), likely due to some specific alteration in the transcriptional program for aggrecan production in the presence of the inhibitor. However, this decrease in aggrecan expression was rescued in the transient HAV group as the decreased expression was counteracted by enhanced chondrogenesis when peptide cleavage was blocked (and thus HAV presentation is maintained).
Taken together, inhibition of ADAM10-mediated cleavage of peptide did enhance chondrogenesis in the form of both type II collagen and aggrecan expression. Interestingly, there was no statistical difference in the expression of either aggrecan or type . Scale bars 500 µm. *P < 0.05 between groups, # P < 0.05 compared to no peptide (MeHA) control; n.s. denotes no significant differences between groups.
II collagen between the stable and transient HAV groups in the presence of the inhibitor. Thus, these results indicate that cellular control of HAV presentation, here via the protease activity of ADAM10, mediates MSC chondrogenesis. Due to technical limitations, we were unable to quantify the exact timing of HAV presentation to encapsulated cells.
Transient Timing of NCad Mimetic Peptide Presentation Alters Its Influence on Neocartilage Formation
To evaluate the effects of transient NCad-mimetic HAV (tHAV) peptides on long-term cartilage formation, MSC-laden constructs were prepared with different ratios of macromers functionalized with either tHAV or transient scrambled peptides and cultured for 56 d. No peptide control (MeHA) groups had similar sGAG content to all transient peptide groups, and similar Col II content to transient HAV-containing groups (Figure 7a) . Thus, they did not show the concentration-dependent increase in cartilage matrix that was observed with hydrogels functionalized with stable HAV peptides. Unconfined mechanical testing also did not show any concentration-dependent increase in modulus (≈ 16 kPa), with the no peptide control group exhibiting a slightly lower modulus than the transient peptide-containing groups (≈12 kPa) (Figure 7b ). Quantification and images of staining for sGAG and type II collagen showed that the HAV-concentration dependence observed with stable HAV peptides was mitigated, while again type I collagen exhibited no transient www.advancedsciencenews.com www.advhealthmat.de HAV-concentration dependence (Figure 7c,d ). In agreement with our observations of early gene expression, MSC-laden hydrogels functionalized with the control LHAV mimetic peptide showed significant increases in sGAG and collagen content after longterm culture as measured by biochemical assays, histology, and immunohistochemistry ( Figure S10 , Supporting Information). Thus, this work suggests that the timing of the HAV peptide is indeed important to its effect on encapsulated MSCs as rapid cleavage limits the influence on cell behavior. The findings of this study indicate that the inclusion of an HAV peptide into hydrogels enhances chondrogenesis in a dosedependent manner as long as the peptide presentation is sustained to influence MSC behavior. Increased sGAG, collagen, and mechanics were observed, although the values did not reach those of native cartilage tissue. [25] Although ADAM10 regulated presentation of the HAV peptide, here it did not enhance chondrogenesis, emphasizing the importance of timing on the MSC response. Potentially, self-regulation in such systemsthrough the deposition of matrix that occurs in 3D as chondrogenesis and cartilage formation proceed-is sufficient, and this mimics the transition from cell-cell to cell-ECM interactions during development, which is different than how mechanical signaling occurs in 2D HA cultures of MSCs. [26] One important consideration in these studies is that the HAV peptide was shown to be chondroinductive in the presence of TGF-β3; whether the peptide is chondroinductive alone, particularly in vivo, remains a consideration for future investigation. Additionally, further enhancing NCad signaling in hydrogels via variations in peptide design and presentation could be considered. For instance, NCad dimerization on the cell surface is important for proper signal transduction, and, accordingly, cyclic tandem repeat-containing peptides have been reported to exert greater agonist activity [27] such dimerization was not considered in the current study. The spatial clustering of mimetic peptides in the hydrogel microenvironment to encourage adherens junction formation and stability may also need to be optimized, as stable cluster formation is important in cadherin signaling in general. [28] 
Conclusion
The findings in this study demonstrate that tethered NCad mimetic peptides that mimic cell-cell interaction via NCad binding both enhance the early expression of chondrogenic markers and promote long-term cartilage matrix production in a strong dose-dependent fashion. Furthermore, these results suggest that the timing and duration of presentation are critical: highly transient peptides with the same NCad mimetic moiety did not exert the same effects on MSC chondrogenesis and matrix production, whereas the blocking of this cleavage with protease inhibition enhanced outcomes. These findings underscore the potential of nuanced material design to guide differentiation by providing biochemical signals that capture the complex cell microenvironment found during tissue development.
Experimental Section
Materials were acquired from Sigma-Aldrich unless otherwise indicated.
MeHA Synthesis: HA (75 kDa; Lifecore) was modified with methacrylates as previously described. [8] Briefly, the primary hydroxyl groups of HA macromers were reacted with methacrylic anhydride (Sigma-Aldrich) in 20-fold excess under basic conditions. The resulting methacrylated HA was then dialyzed (M W cutoff 6-8 kDa) for 4 d and lyophilized for storage. The extent of MeHA methacrylation was assessed using 1 H NMR spectroscopy and determined to be ≈37% of repeat units ( Figure S1 , Supporting Information).
Peptide www.advancedsciencenews.com www.advhealthmat.de 827.9 g mol −1 , transient peptides 1765.0 g mol −1 ) with a cysteine residue at the C-terminal end were obtained from GenScript. Purity was confirmed to be > 95%, and MALDI analysis was performed to verify peptide mass (data not shown); "↓" indicates ADAM10 cleavage site. MeHA (100 mg) was dissolved in triethanolamine-buffered saline (pH 8) and reacted at 37 °C overnight in the presence of either stable (9.28 mg) or transient (19. 78 mg) peptides, followed by dialysis (4 d) and lyophilization (3 d ). This coupling ratio was designed to obtain a final peptide concentration of 2 × 10 −3 m in a 1.5 wt% MeHA hydrogel (i.e., HA content held constant) for all functionalized macromer stocks while consuming no more than 20% of available methacrylate groups on the MeHA. The activity of ADAM10 on transient peptides coupled to MeHA was verified using 0.5 × 10 −3 m fluorescein-modified transient HAV peptide, in PBS containing 2 × 10 −9 m ADAM10.
Hydrogel Fabrication and Characterization: Macromers were sterilized using a germicidal lamp for 40 min and subsequently dissolved in sterile phosphate buffered saline containing 0.05 wt% photoinitiator 2-methyl-1-[4-(hydroxyethoxy)phenyl]-2-methyl-1-propanone (I2959). This hydrogel precursor was pipetted into a 50 µL mold, covered with a glass coverslip, and exposed to an ultraviolet (UV) light source (Eiko, ≈2.0 mW cm −2 ) for 10 min. The peptide concentration was maintained at 2 × 10 −3 m in all samples (except for hydrogel controls without any peptide coupling, denoted as MeHA) and the dose of HAV was controlled through the ratio of the HAV and scrambled peptides (e.g., HAV 0, HAV 50, and HAV 100 denote samples of 2 × 10 −3 m scrambled, 1 × 10 −3 m HAV/1 × 10 −3 m scrambled, and 2 × 10 −3 m HAV, respectively). Acellular hydrogels (≈5 mm Ø, ≈2 mm thickness) were tested with a Dynamic Mechanical Analyzer (DMAQ800, TA Instruments) in unconfined compression. Hydrogels were compressed to a maximum of 70% of their initial thickness, and the elastic compressive modulus was determined as the slope of the stress versus strain curve at low strains (10-20%) using a sweep with a force ramp of 0. . Scale bars 500 µm. *P < 0.05 between groups, # P < 0.05 compared to no peptide (MeHA) control; n.s. denotes no significant differences between groups.
www.advancedsciencenews.com www.advhealthmat.de ( Figure S11 , Supporting Information). The mass swelling behavior of the hydrogels was characterized by the mass ratio of swollen hydrogels (after 24 h in PBS) to dry hydrogels. Cell Culture and Encapsulation: Human MSCs (Lonza) were expanded to passage 3 in growth media comprised of α-MEM with 16.7% (v/v) FBS (Gibco), 1% (v/v) l-glutamine (Invitrogen), and 1% (v/v) penicillinstreptomycin (Invitrogen). Cells were harvested by rinsing with PB and treating with 0.05 wt% trypsin and then resuspended in 1.5 wt% macromer and 0.05 wt% I2959, at 20 million cells/mL −1 . This hydrogel precursor was slowly pipetted into 50 µL molds, covered with glass coverslips, and exposed to a UV light source (Eiko, ≈2.0 mW cm −2 ) for 10 min for crosslinking. Hydrogels were cultured in vitro in dulbecco's modified eagle medium supplemented with 1% penicillin/streptomycin, 1 × 10 −3 m sodium pyruvate, 40 mg mL −1 l-proline, 100 × 10 −9 m dexamethasone, 50 µg mL −1 ascorbic acid 2-phosphate, 1% ITS+, and 10 ng mL −1 TGF-β3 (chondrogenic media). For studies with small-molecule ADAM10 inhibitor GI254023X, inhibitor was added from stock solutions to a final concentration of 5 × 10 −6 m in chondrogenic media. The viability of MSCs in functionalized hydrogels was assessed using a live/dead cytotoxicity kit (Invitrogen) according to manufacturer instructions. Live/dead images were captured on a Leica SP5 confocal microscope.
Gene Expression Analysis: Samples were disrupted in Trizol (Invitrogen) using a handheld tissue homogenizer; RNA was extracted according to manufacturer specifications and measured with an ND-1000 spectrophotometer (Nanodrop Technologies). 1 µg of RNA was taken from each sample for cDNA synthesis using reverse transcriptase (Superscript II, Invitrogen) and oligoDT as the primer (Invitrogen). Polymerase chain reaction (PCR) was then performed using the Applied Biosystems 7300 system for Real-Time PCR with a 25 µL reaction volume for Taqman (5′-nuclease) reactions (n = 4). Primers and probes for relevant targets glyceraldehyde 3-phosphate dehydrogenase (GAPDH, housekeeping gene), type I collagen (COL1), type II collagen (COL2), and aggrecan (ACAN) were selected as shown in Table S1 (Supporting Information). Relative gene expression was assessed with the ΔΔCT method, where the fold difference is found by 2 −ΔΔCt .
Biochemical and Histological Analysis: After MSC-laden hydrogels were cultured for 8 weeks, they were digested using papain (1 mL/construct, 0.56 U mL −1 in 0.1 m sodium acetate, 10 m cysteine hydrochloric acid, and 0.05 m ethylenediaminetetraacetic acid, pH 6.0, at 60 °C for 16 h. Samples were then analyzed for sulfated glycosaminoglycan (using dimethylmethylene blue), DNA (using PicoGreen), and collagen (orthohydroxyproline, using dimethylaminobenzaldehyde and chloramine T reagents) content. [10, 29] For the histological analysis of constructs, all samples were fixed in 10% formalin (24 h), embedded in paraffin and stabilized at 4 °C (24 h), and subsequently processed using standard histological protocols. Histological sections (5 µm) were stained using antibodies for type I collagen (Col I, mouse monoclonal anticollagen type 1, Sigma), type II collagen (Col II; mouse monoclonal anticollagen type II, Developmental Studies Hybridoma Bank), and sGAG. For quantification, images were first converted to 8-bit and then inverted. Mean staining intensity within randomly placed frames for each section was measured with ImageJ ( Figure S2 , Supporting Information).
Statistical Analysis: Values in this work are reported as mean values ± the standard error of the mean (s.e.m.). Unless otherwise specified, transformation and outlier removal were not performed. Normalization was performed using relevant control groups (e.g., gene expression was normalized to that of control cells plated in 2D). StatPlus:mac LE (AnalystSoft) was used to perform statistical analyses with one-way analysis of variance (ANOVA) (and Tukey's honestly significant difference post hoc test of the means) to compare between groups (n ≥ 4), where culture duration and experimental group were independent factors.
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